Down syndrome caused by chromosome 21 trisomy is the most common genetic cause of mental retardation in humans. Disruption of the phenotype is thought to be the result of gene-dosage imbalance. Variations in chromosome 21 gene expression in Down syndrome were analyzed in lymphoblastoid cells derived from patients and control individuals. Of the 359 genes and predictions displayed on a specifically designed high-content chromosome 21 microarray, one-third were expressed in lymphoblastoid cells. We performed a mixed-model analysis of variance to find genes that are differentially expressed in Down syndrome independent of sex and interindividual variations. In addition, we identified genes with variations between Down syndrome and control samples that were significantly different from the gene-dosage effect (1.5). Microarray data were validated by quantitative polymerase chain reaction. We found that 29% of the expressed chromosome 21 transcripts are overexpressed in Down syndrome and correspond to either genes or open reading frames. Among these, 22% are increased proportional to the gene-dosage effect, and 7% are amplified. The other 71% of expressed sequences are either compensated (56%, with a large proportion of predicted genes and antisense transcripts) or highly variable among individuals (15%). Thus, most of the chromosome 21 transcripts are compensated for the gene-dosage effect. Overexpressed genes are likely to be involved in the Down syndrome phenotype, in contrast to the compensated genes. Highly variable genes could account for phenotypic variations observed in patients. Finally, we show that alternative transcripts belonging to the same gene are similarly regulated in Down syndrome but sense and antisense transcripts are not.
Down syndrome (DS [MIM #190685]) results from the triplication of chromosome
and is the most common genetic cause of mental retardation in humans, occurring in ∼1 in 800 newborns. The phenotype of DS is characterized by 180 clinical features, including cognitive impairments, muscle hypotonia, short stature, facial dysmorphisms, congenital heart disease, and several other anomalies. 1 These clinical features can vary considerably in number and in severity, 2 and certain abnormalities, such as acute megakaryoblastic leukemia and Hirschsprung disease, occur at higher frequencies in patients with DS than in the general population.
Trisomy 21 has been known to be the cause of DS since 1959, when Lejeune and colleagues demonstrated the presence in three copies of chromosome 21 in persons with DS. 3 The phenotype of DS is thus thought to be the result of gene-dosage imbalance. However, the molecular mechanisms by which such dosage imbalance causes abnormalities remain poorly understood. Two different hypotheses have been proposed to explain the phenotype of DS: "developmental instability" (loss of chromosomal balance) and "gene-dosage effect." According to the developmental instability hypothesis, the presence of a supernumerary chromosome globally disturbs the correct balance of gene expression in DS cells during development. 4, 5 However, this hypothesis is weakened by the fact that other autosomal trisomy syndromes do not lead to the same clinical pattern. 6 Moreover, correlations between genotype and phenotype in patients with partial trisomies indicate that a restricted region in 21q22.2 is associated with the main features of DS, including hypotonia, short stature, facial dysmorphies, and mental retardation. [7] [8] [9] This DS chromosomal region (DCR) supports the alternative gene dosage-effect hypothesis, which postulates that the restricted number of genes from chromosome 21 that are overexpressed in patients with segmental trisomies contributes to the phenotypic abnormalities.
To determine which hypothesis applies to the etiology of DS, several gene-expression studies of human DS cells or tissues have been conducted. [10] [11] [12] [13] [14] [15] [16] [17] Most of these studies have shown a global up-regulation of the three-copy genes mapping to the trisomic chromosome, but the limited number of studied DS cases restricted the statistical analysis and did not allow the identification of precise gene deregulation. Moreover, these studies were performed using a small number of three-copy genes. Several other ex- NOTE.
-Microarray experiments were performed using LCLs from individuals with DS and control individuals in accordance with a mixed model (see the "Material and Methods" section). Each "1" indicates one experiment. "ϩ1" means that DS and control samples were labeled with Cy5 and Cy3, respectively. "Ϫ1" means that DS and control samples were labeled with Cy3 and Cy5, respectively. CCATCATATGGGATGTCAGCAA  CHAF1B_LOW  CTTCATGCTGTCGTCGTGAAAC  CSTB_UP  GCCACCGCCGAGACCCAGCA  CSTB_LOW  TGGCTTTGTTGGTCTGGTAG  DSCR1_UP  GCACAAGGACATTTGGGACT  DSCR1_LOW  TTGCTGCTGTTTTCACAACC  DYRK1A_UP  ATCCGACGCACCAGCATC  DYRK1A_LOW  AATTGTAGACCCTTGGCCTGGT  GART_UP  CTGGGATTGTTGGGAACCTGAG  GART_LOW  ACCAAAGCAGGGAAGTCTGCAC  H2BFS_UP  CAGAAGAAGGACGGCAGGAA  H2BFS_LOW  GAAGCCTCACCTGCGATGCG  MX1_UP  GCCAGTATGAGGAGAAGGTGCG  MX1_LOW  GTTTCAGCACCAGCGGGCATCT  SNF1LK_UP  GCCGCTTCCGCATCCCCTTCTT  SNF1LK_LOW  CTCATCGTAGTCGCCCAGGTTG  SOD1_long_UP  TCGCCCAATAAACATTCCCTTG  SOD1_long_LOW AAGTCTGGCAAAATACAGGTCATTG  STCH_UP  GGACGTGGCCTTTCTGATAA  STCH_LOW  CTTGACGGATCCGAGGAATA  TMEM1_UP  CGTGCAGGAACTGAAGCTCTTA  TMEM1_LOW  TCTGAGCTGTGTTGGCTGTTTC  L13852_UP  CTCCAATCTCAGCCGTCAGT  L13852_LOW  AGCCACACCATCCACACGGG  AB000468_UP  CAAGAAAGCGTCGTGGTGGA  AB000468_LOW ATCGTCACTGCTCACCACAC periments have been done on animal models of DS with a greater number of chromosome 21 gene orthologs by use of microarray and quantitative PCR experiments. [18] [19] [20] [21] In these studies, the three-copy genes were overexpressed, with a mean ratio of 1.5, which is proportional to the gene-dosage imbalance. However, some of these triplicated genes appeared to escape the "1.5-fold rule." Yet, these animal models are not trisomic for all chromosome 21 orthologs. Thus, a comprehensive classification of all human genes on chromosome 21, according to their level of expression in DS, does not yet exist.
The goal of the present study was to fill this knowledge gap and to find the genes that are likely to be involved in DS phenotypes through their transcriptional dysregulation. 22 For this purpose, we designed an oligonucleotide microarray containing all chromosome 21 genes, ORFs, antisense transcripts, and predicted genes listed in the most common databases (NCBI Gene Database, Eleanor Roosevelt Institute, and Max Planck Institute), except for the 53 genes of the keratin-associated protein cluster. Gene expression was measured on lymphoblastoid cell lines (LCLs) from 10 patients with DS and 11 control individuals. LCLs are easy to obtain and are widely used to study genotype-phenotype correlations. 23 To our knowledge, this is the most comprehensive study so far that has been done using triplicated genes in DS human cells. In addition, we analyzed data with a mixed-model analysis of variance, to find genes that are differentially expressed in DS independent of sex and interindividual variations. Our data show a global gene dosage-dependent expression of chromosome 21 genes in LCLs, with no effect of sex. In addition, by use of our data-analysis protocol, chromosome 21 genes can now be classified into four classes: class I genes are overexpressed with a mean ratio very close to 1.5, proportional to the gene-dosage effect of trisomy 21; class II genes are overexpressed with ratios significantly 11.5, reflecting an amplification mechanism; class III genes have ratios significantly !1.5, corresponding to compensated genes; and class IV genes have expression levels that are highly variable between individuals. This classification should have an impact on the search for genes that are involved in the DS phenotype.
Material and Methods

Cell Lines and Culture Conditions
LCLs were derived from the B lymphocytes of 10 patients with DS collected from the cytogenetic service of the hospital Necker Enfants Malades and the Institut Jérôme Lejeune. Parents of patients from the Institut Jérôme Lejeune gave their informed consent, and the French biomedical ethics committee gave its approval for this study (Comité de Protection des Personnes dans la Recherche Biomédicale number 03025). Written informed consent was obtained from the participants or from their families by the cytogenetic service of Hôpital Necker Enfants Malades. Cell lines from 11 control individuals were also obtained with their written informed consent, for comparison of chromosome 21 gene-expression profiles. Culture media consisted of Opti-MEM with GlutaMax (Invitrogen) supplemented with 5% fetal bovine serum from a unique batch and 1% penicillin and streptomycin mix (10,000 U/ml). Cell lines were grown at 37ЊC in humidified incubators, in an atmosphere of 5% CO 2 . Each culture was grown to at least cells. All cell lines were karyotyped, to confirm 6 60 # 10 their trisomic or euploid status and also to verify that immortalization by the Epstein-Barr virus (EBV) did not produce any visible chromosomal rearrangement other than trisomy 21. Cells were harvested by centrifugation, were washed in 5 ml PBS, followed by another centrifugation, and were stored at Ϫ80ЊC.
Human Chromosome 21 (HSA21) Oligoarray
A dedicated oligonucleotide microarray-named "HSA21 oligoarray," containing 664 50-mer amino-modified oligonucleotides representing 145 genes, 58 ORFs, 118 predictions (20 of them represented in both orientations), and 18 antisense transcripts assigned to chromosome 21-was used in the present study. Predictions represented on the array included cDNAs and exons from the CBR-ERG region on 21q deduced from cDNA isolation and exon-trapping experiments 8 and gene or exon predictions produced from in silico analysis of the complete sequence of human chromosome 21. 24 Nonredundant transcript sequences and antisense transcripts were also included in this oligoarray. [25] [26] [27] Thirty-nine genes assigned to chromosomes other than chromosome 21, represented by 58 oligonucleotides-showing a wide range of expression levels according to UniGene and no variations between DS and control samples as demonstrated by the first version of the HSA21 oligoarray (data not shown)-were added for data normalization. All probes present on the array were designed using the SOL software (G.G., S. Lemoine, A. Bendjoudi, J.R., S. Lecrom, and M.-C.P., unpublished data). Sequences were then synthesized by EuroGentec and were spotted onto CodeLink activated glass slides (Amersham Biosciences) by use of a MicroGrid II spotter (Biorobotics). Each array contained two matrices with eight blocks each, in which probes were present in duplicates so that each oligonucleotide was present in four replicates on each slide.
Experimental Design
The experiment comprised 10 patients with DS (7 men and 3 women) and 11 controls (4 men and 7 women). Samples from the same individual were used in different hybridizations.
For each gene, we used the linear model
where is the normalized expression of the gene in log 2 for y ijklm factor i (DS or control sample), sex is j, patient number is k ( ), dye label is m (m is red, for Cy5, or green, for Cy3) k p 1, … ,21 on the HSA21 oligoarray l. The symbols D, S, A, and F represent the fixed effects due to the disease, sex, array, and fluorochrome, respectively. For example, D represents the modifications of the gene expression level due to the disease. A and F are both nuisance parameters that account for potential technological biases. DS, DF, and SF correspond to interacting effects: disease and sex, disease and fluorochrome, and sex and fluorochrome, respectively. The symbol I(DS) refers to the patient (nested within disease and sex) random effect. This last effect accounted for the correlation between samples used in different hybridizations but collected from the same patient.
We assumed the independence between all I(DS) ijk and E ijklm . We also assumed that I(DS) ijk was independent with a distribution N(0,s 2 ) and that E ijklm was independent with distribution N(0,j 2 ). Model (1) can be rewritten under the matrix form
where v is the vector of fixed effects (D, S, A, F, DS, DF, and SF), U is the vector of I(DS) ijklm , and E is the vector of E ijklm . Y ∼ , where . Y has n rows (n is the total
number of samples) and one column, X is the matrix describing the status of the patient (disease and sex) from which the sample was collected. Z has n rows and I columns (I is the total number of patients) and describes the correspondence between samples and patients. Figure 1 . Classification of HSA21 genes according to the expression ratio between DS and control LCLs. The sum of classified genes is 136 genes minus 2 (C21ORF108 and PRMT2) that appear twice, depending on the oligonucleotide probe considered (see the "Results" section for details).
On each array l, we actually observed the differential expression (red signal minus green signal)
This model can be rewritten under another matrix, D, describing the comparisons performed on each array. This matrix had L rows (L is the total number of arrays) and n columns. The lth row of D was zero except for the value 1 in the column corresponding to the sample labeled in red and Ϫ1 in the column corresponding to the sample labeled in green. The model for the differential expression was obtained by multiplying all terms of equation (2) by D:
The vector of differential expression DY has distribution N(DXv,DSD T ). The experimental design was defined by the three matrices X, Z, and D. X and Z basically depend on the number of samples for each patient. Because the microarrays used were two-color assays, the total number of samples was twice the number of slides.
The important remaining choice was the comparison to be made-that is, the choice of D. Consideration of the differential expression between two patients analyzed on the same array eliminated the array effect and the corresponding constants. We were not interested in other technical effects, such as fluorochrome or interactions of fluorochrome with other effects. To eliminate DF im and SF jm effects, we proposed a balanced design for the fluorochrome effect. Finally, data were normalized across genes, to remove the dye effect .
F m The last criterion was D-the precision of the estimated effects (gathered into the vector ). According to the mixed linear model v theory, this precision is given by its variance matrix,
which depends on D and the ratio j . This matrix was the ultimate tool for comparing the designs.
DS ij
We calculated the variance of the disease effect (which is of primary interest) and the determinant of the variance covariance matrix (which gave a global measure of the precision of the estimates) for a certain number of designs D. To do that, we used a value given a priori for the ratio j 2 /s 2 equal to 2. We finally chose a design involving 40 arrays. Each patient appeared in two to eight different experiments, and samples from the same patient were marked the same number of times with each fluorescent dye (Cy3 or Cy5). On each array, a DS LCL and a control LCL were compared, to increase the precision of the disease effect. Ten arrays compared (i) a man with DS and an unaffected man, (ii) a female with DS and an unaffected female, (iii) a man with DS and an unaffected female, or (iv) a female with DS and an unaffected male. The design is described in table 1.
mRNA Extraction, HSA21 Oligoarray Hybridization, Data Filtering, and Normalization mRNA was extracted from frozen individual cell samples by use of Fast Track 2.0 mRNA Isolation kit (Invitrogen) in accordance with the manufacturer's instructions. To eliminate DNA contamination, the appended DNase protocol of RNeasy mini kit (Qia-gen) was used in accordance with the manufacturer's protocol. Samples were further tested for purity and quantity with RNA 6000 NanoChips by use of the Agilent 2100 Bioanalyzer (Agilent Technologies). By use of the Reverse-iT RTase Blend kit (ABGene), 2 mg of mRNA was converted into Cy3-or Cy5-labeled cDNA by incorporation of fluorescent dUTP (Amersham). Labeled targets were then purified on Qiaquick columns in accordance with the manufacturer's protocol (Qiagen). Hybridization of sample pairs on HSA21 oligoarrays (one DS sample and one control sample), according to the experimental design, was performed using hybridization buffer (50% formamide, 4# saline sodium citrate [SSC], 0.1% SDS, and 5# Denhart) at 42ЊC overnight. Slides were washed in 2# SSC and 0.1% SDS three times for 5 min, in 0.2# SSC for 1 min, and in 0.1# SSC for 2 min. Data were acquired with GenePix 4000B scanner and by use of the GenePix Pro 6.0 software (Axon). For each array, the raw data comprised the median feature pixel intensity at wavelengths 635 nm and 532 nm for Cy5 and Cy3 labeling, respectively. After subtraction of the background signal, LOWESS normalization 28 of the M values corresponding to Cy5/Cy3 signal ratios in log 2 was applied to all oligonucleotides representing non-HSA21 genes and was used to calculate a correction factor applied to M values for HSA21 probes under The R Project for Statistical Computing. Normalized data from each slide was then filtered using two criteria: (i) for each oligonucleotide, at least two values among the four replicates had to be available, and (ii) SD of values corresponding to the geometric mean in log 2 of Cy3 and Cy5 signal intensities (the A value) had to be !1. Arithmetic means of normalized and filtered M and A values were calculated for each oligonucleotide and were submitted to the statistical analysis. All microarray data used in this study were deposited in the Gene Expression Omnibus (GEO) database (accession number GSE6408).
Expression Data Analysis: Statistical Testing
Mixed model.-To determine differentially expressed genes for DS, sex, and DS # sex effects, we performed a mixed-model analysis of variance according to the experimental design. This method was chosen to distinguish between interindividual variability and experimental variability. 29 We used the mixed procedure of the SAS software with the restricted maximum likelihood (REML) method of estimation. 30 After the filtering and normalization steps, the number of observations per spot varied between 8 and 40, which was enough to calculate the variance for each gene.
We first tested the effects of the complete model (3). Since the sex and DS # sex effects were not significant for any gene, these two effects were dropped from the model. We finally analyzed the simplified model
We deduced raw P values from comparison with 1 under the null hypothesis and adjusted them by the Benjamini-Hochberg procedure, which controls the false-discovery rate (FDR). 31 We then analyzed the simplified model by comparison with 1.5 under the null hypothesis and adjusted the raw P values by use of the method described by Storey et al. 32 Principal-components analysis (PCA).-Results from microarray experiments were obtained as the differential expression between DS and control samples. M values corresponded to log (DS) Ϫ 2 , and A values to . For log (control) [log (DS) ϩ log (control)]/2 2 2 2 each probe p, the mean value of its expression (in log 2 ) in DS cell lines and in controls could thus be expressed as
where i denoted the index of the individual, S i the set of slides on which all samples from the individual i have been hybridized, and N i the size of this set. Since the overall expression level of the genes of one individual varied from one slide to another and to avoid normalization across slides, we made the simplification and reconstructed relative mean values of expression
PCA of chromosome 21 genes and genes mapping to other chromosomes was performed separately using E values deduced from all expressed chromosome 21 probes and all expressed nonchromosome 21 probes, respectively.
PCR Experiments
To validate expression ratios between DS and control samples obtained from HSA21 oligoarray data, 100 ng of mRNA was reverse transcribed into cDNA by use of Reverse-iT RTase Blend kit (ABgene). Quantitative real-time PCR (QPCR) on diluted cDNA was conducted in the presence of 0.6 mM of each specific primer (designed by Primer3 software) and 1# Quantitect SYBR Green PCR master mix (Qiagen) containing 2.5 mM MgCl 2 , Hotstart Taq polymerase, dNTP mix, and the fluorescent dye SYBR Green I. QPCR experiments were performed in a Lightcycler system (Roche Molecular Biochemicals) on 11 HSA21 genes: CHAF1B, CSTB, DSCR1, DYRK1A, GART, H2BFS, MX1, SNF1LK, SOD1, STCH, and TMEM1. The ubiquitin-activating enzyme E1 (NCBI Entrez accession number L13852) mRNA mapping to HSA3 and the zincfinger protein (NCBI Entrez accession number AB000468) mRNA mapping to HSA4 were used as endogenous control genes, as described by Janel et al. 33 For each sample, the mean cycle threshold value, C t , was corrected by subtracting the mean of the C t obtained with the two reference genes. PCR primers are listed in table 2.
Results
Design of a Comprehensive HSA21 Oligoarray
The HSA21 oligoarray was designed for the exhaustive study of human chromosome 21 gene expression in DS. This microarray contained 664 sequences representing 145 genes, 58 ORFs, 118 predictions (plus the reverse sequences for 20 of them), and 18 antisense transcripts, allowing expression analysis of all putative genes mapping to chromosome 21 and related to DS. To increase the strength of the results, where possible, at least two probes per gene were designed (∼80% of the HSA21 oligoarray content). The description of the HSA21 oligoarray content according to BLAST results performed on the latest version of the human genome sequence (NCBI Gene Database build 36.2) is summarized in table 3. Oligonucleotide sequences spotted on the array have been designed on the basis of four main criteria: specificity for the represented sequence, GC content equal to 50%, melting temperature allowing an optimal match between probe and target at the hybridization temperature, and no stable predicted secondary structure.
By use of this new specific high-content HSA21 oligoarray, 40 differential hybridizations comparing DS and control LCLs were performed. The mean signal intensities (represented in log 2 by the A value) of each array spot indicated the expression levels of chromosome 21 genes. A total of 134 genes gave signal intensities above the background cutoff (mean ).
Biological Material from Patients with DS and Control Individuals
LCLs were obtained after immortalization by EBV of B lymphocytes collected from blood samples of individuals with DS and control individuals. To make sure that EBV transformation did not induce any chromosomal rearrangement, all cell lines were karyotyped after immortalization. Cell lines were always maintained in exponential growth phase. No significant difference in cell morphology or cell proliferation was observed between DS and control LCLs.
For three individuals with DS, transcriptome comparisons between fresh blood samples and LCLs obtained from the same individuals were conducted on pangenomic microarrays. 34 From these experiments, no major alteration of the transcriptome by the EBV transformation could be detected; only 0.5% of the genes exhibited significant differential expression ( ) (L.D., E.A.Y.-G., and M.-C.P., P p .01 unpublished data).
Experimental Design and Statistical Analysis
The main objective was to detect differentially expressed genes between DS and control samples, taking into account the sex of and variability between individuals. The aim of the experimental design was to adapt to the experimental constraints of the study (see table 1 and the "Material and Methods" section). Forty experiments were thus programmed.
First, a mixed model was constructed to highlight the effects of DS, sex, and DS # sex and to take into account the gene-expression variability between individuals. We used the Benjamini-Hochberg procedure to adjust the P values obtained and to limit false-positive results due to multiple testing. 31 The FDR was set at 0.05. The list of significant genes was thus expected to contain 5% falsepositive results.
Chromosome 21 genes did not have significant P values when sex or DS and sex combined (DS # sex) were tested. In other words, chromosome 21 gene expression was not significantly different between men and women. In addition, DS effects on gene expression were not dependent on sex. The effects of sex and DS # sex were thus dropped from the model, and a simplified mixed model testing the effects of DS on HSA21 gene expression was ultimately used. We first selected genes that had DS/control ratios significantly different from 1 (FDR 0.05), using the Benjamini-Hochberg procedure. 31 Among the 136 expressed transcripts (134 genes), about half (58) had DS/control Figure 2 . Distribution of DS/control ratios for class I, II, III, and IV genes and non-HSA21 reference genes. The plot represents the minimum and maximum values (whiskers), the first and third quartiles (box), and the median value (midline) of DS/control ratios for each class of genes.
ratios different from 1 and always 11, indicating that these genes were significantly overexpressed in DS LCLs. Expression ratios of these 58 genes ranged from 1.25 to 2.27, with a mean of 1.5, corresponding to the gene-dosage effect in DS. In parallel, among the 134 expressed genes, we selected those that deviated from this gene-dosage effect with a ratio significantly different from 1.5. Surprisingly, the majority of expressed transcripts (86) had DS/control ratios significantly different from 1.5 (FDR 0.05). Because of this high number, the method described by Storey et al. 32 for adjustment of the FDR had to be applied. Results showed that 86 genes had DS/control ratios significantly different from 1.5. Of these 86 genes, 9 had DS/control ratios 11.5, in the range 1.64-2.27, and 77 had DS/control ratios !1.5, in the range 0.74-1.4.
On the basis of this statistical analysis, we classified genes into four categories according to their variation of expression between DS and control LCLs, as described in table 4 and represented in figure 1. Class I contained 30 genes with DS/control ratios significantly different from 1 but not significantly different from 1.5, in the range 1.3-1.67. Class II contained nine genes that were significant in both statistical tests, with DS/control ratios significantly different from 1, significantly different from 1.5, and 11.5 (range 1.64-2.27). Class III comprised 77 genes that had DS/control ratios significantly different from 1.5 and !1.5 (range 0.74-1.4). The majority of gene predictions and antisense transcripts (77%) belonged to this class. In addition, gene expression levels of the transcripts belonging to class III were significantly lower than those belonging to class I ( ) and class II ( Ϫ5 P p 1.32 # 10 P p ). Class IV included the remaining 20 genes with Ϫ7 5.7 # 10 DS/control ratios not significantly different from 1 or from 1.5, in the range 1.08-1.6. Table 5 gives the complete list of genes. Distributions (box plots) of DS/control ratios for each class and for non-chromosome 21 reference genes are shown in figure 2 .
The goal of this study was also to demonstrate whether chromosome 21 gene-expression profiles could differentiate DS from control samples. We therefore performed two distinct PCAs on the 134 chromosome 21-expressed genes and the 39 non-chromosome 21 genes used as references (see the "Material and Methods" section). PCA could clearly distinguish individuals with DS from control individuals, suggesting that the effects of DS on chromosome 21 gene expression prevails over any other effect, including biological variability ( fig. 3A) . In addition, no distinction could be obtained between individuals with DS and control individuals when PCA was conducted on non-chromosome 21 genes ( fig. 3B ). Non-chromosome 21 genes had a mean DS/control expression ratio of 1 ( fig.  2) .
Most of the genes present on the HSA21 oligoarray were represented by two probes. When the two probes were found to be expressed, they belonged to the same class, except for C21ORF108 and PRMT2. Concerning C21ORF108, one probe (B1ϩKIAA0539.eri10102_a) mapping to exon 39 of C21ORF108 belonged to class I (DS/control ratio 1.3). The other probe (KIAA0539.gff6561_b), mapping to exon 26 of C21ORF108, was in class III (DS/control ratio 1.09). This difference could result from the existence of two alternative transcripts containing either exon 26 or exon 39. Similarly, the two probes representing PRMT2 (HRMT1L1.gff2216_a and HRMT1L1.gff2216_b) belonged to classes IV and III, respectively. This difference could also be explained by the existence of two alternative transcripts containing either exons 5/6 or exons 8/9 described in the ENSEMBL database.
QPCR Validation Experiments
To confirm variations in gene expression and to validate the classification of chromosome 21 genes, we performed QPCR on 11 genes belonging to class I (1 gene), class II (2 genes), class III (6 genes), and class IV (2 genes). QPCR was conducted on all LCLs from individuals with DS and control individuals. Ratios obtained by QPCR confirmed the classification of chromosome 21 genes deduced from HSA21 oligoarrays, except for SOD1. SOD1 belonged to class III and had a ratio of 1.57 by QPCR. However, this 1.57-fold difference between LCLs from individuals with DS and control individuals was not significant ( ). P p .15 DS/control ratios from QPCR were in agreement with ratios obtained from HSA21 oligoarrays (table 6) , with a correlation coefficient of 0.82. Our HSA21 oligoarray was thus a comprehensive, reproducible, and sensitive tool for studying gene expression in DS. 
Discussion
The aim of the study was to analyze chromosome 21 gene expression in LCLs from individuals with DS and control individuals. Forty differential hybridizations comparing DS LCLs with control LCLs were performed on a dedicated HSA21 oligoarray designed from the complete human chromosome 21 gene catalogue (359 genes). Approximately one-third (134) of all chromosome 21 genes, ORFs, and predictions were expressed in LCLs.
On the basis of the expression levels of chromosome 21 genes, DS samples were clearly distinct from control samples, thus reflecting the prevalent effect of DS on chromosome 21 gene expression. On the contrary, reference genes mapping to chromosomes other than 21 could not distinguish DS LCLs from control LCLs. Using the mixedmodel analysis, we were able to detect genes that are significantly overexpressed in DS cell lines (58) and also genes that deviate from the gene-dosage effect, with DS/ control expression ratios significantly different from 1.5.
Classification of HSA21 Genes
By use of this new data analysis protocol, human chromosome 21 genes can now be ranked into four classes by their expression levels in DS cell lines relative to controls. This protocol could be applied to expression data obtained from other human tissues, to validate the classification.
Class I contains 30 genes with expression ratio of DS/ control close to 1.5 (range 1.3-1.67), correlated to the presence of three genomic copies (table 4 and fig. 1 ). These class I genes could be responsible for the phenotype observed in DS, either directly or indirectly through a secondary effect of cis-or trans-acting genes.
Class II contains nine genes with expression ratio of DS/ control 11.64, corresponding to an amplification of the initial gene dosage (table 4 and fig. 1 ). Among these genes, SAMSN1, SNF1LK, STCH, and BTG3 show the highest expression ratio, in the range 1.67-2.27.
Gene-dosage amplification could result from a cascading effect through regulation networks involving trans-or cis-acting genes. 35 Pellegrini et al. 36 identified in silico a putative mitogen-activated kinase cascade with chromosome 21 kinases involved in various signaling pathways: DYRK1A, SNF1LK, RIPK4, and DSCR3. In our study, DYRK1A, SNF1LK, and DSCR3 were expressed in LCLs, whereas RIPK4 was not. Thus, four replicates were chosen for each patient.
DYRK1A is under the gene-dosage effect and DSCR3 is compensated, whereas SNF1LK is amplified from the initial gene dosage. On the basis of this putative mitogen- Figure 4 . Distribution of the variance of M for class I, II, III, and IV genes. The plot represents the minimum and maximum values (whiskers), the first and third quartiles (box), and the median value (midline) of the variances of M for each class of genes, where M is the mean of . log (DS) Ϫ log (control) 2 2 activated kinase cascade, amplification of SNF1LK gene expression could thus result from the overexpression of DYRK1A acting as a regulatory factor on SNF1LK in the cascade, and DSCR3 could act as a scaffolding protein.
Class III is the most abundant and contains 77 genes, with a large proportion of gene predictions and antisense transcripts with DS/control expression ratio !1.4 (table 4  and fig. 1 ). These class III genes are likely to be compensated in DS. Compensation mechanisms in trisomic conditions have been described in maize and Drosophila [37] [38] [39] and have been suggested in previous transcriptome studies, both in patients with DS 10, 12, 16 and in mouse models. 4, [19] [20] [21] For example, Lyle et al. 20 found that 45% of the triplicated genes analyzed in their study were compensated. Compensation is most likely due to negative feedbacks that would modulate transcriptional activity or mRNA stability of class III genes. Thus, expression of compensated genes could be regulated by mechanisms that are not impaired in DS. For example, trans-inhibitors could act directly on the level of expression of these genes. Alternatively, trans-activators would activate inhibitors present in three copies on chromosome 21 and would reduce the expression level of target genes that could be also be present on chromosome 21. 40 However, the existence of polymorph alleles correlated to different levels of expression should not account for either gene compensation or amplification in a representative population of patients with DS. A recent study has demonstrated that two CpG islands from human chromosome 21 can be methylated monoallelically. 41 One of those maps to DSCR3, the other to C21orf29. Both are class III genes in LCLs.
Six class III genes were tested by QPCR, and all were validated, except SOD1. SOD1 is a well-characterized gene that has been shown elsewhere to be overexpressed in DS tissues and cells at the RNA and protein levels. 13, 16, 42 In LCLs, the SOD1 gene is transcribed into two variants, a long and a short isoform. 43 Since SOD1 probes from the HSA21 oligoarray mapped to the long isoform only, the classification (class III compensated) (table 5) corresponded to this long isoform. The ratio deduced from the HSA21 oligoarray (1.15) was found to be slightly lower than the one obtained by QPCR for the long isoform (1.57). However, by use of QPCR primers amplifying both isoforms of SOD1, with the short isoform the most abundant in LCLs, we found that the ratio between DS and control LCLs was 1.96 (data not shown). These results suggest that, in DS LCLs, SOD1 is overexpressed.
Class IV contains 15 genes and 5 gene predictions that have DS/control expression ratio not different from either 1 or 1.5. These class IV genes are thus highly variable between individuals with DS and control individuals. Indeed, figure 4 shows that the variance distribution of expression ratios is the highest for class IV genes. Three class IV genes (CBR1, PRDM15, and ADARB1) were shown elsewhere to be highly variable among unaffected individuals. 44 Using the mixed-model analysis, we have been able to distinguish between gene expression differences resulting from DS and those from interindividual variations. Interindividual variations have been assessed in normal LCLs. [45] [46] [47] In the present study, we used lymphoblastoid cells established from individuals with DS and control individuals all belonging to Indo-European populations, thus limiting the variations due to ethnic groups.
Copy-number variations have also been described in LCLs. 48 They should not have an impact on the results unless their frequencies are different in individuals with DS and control individuals, which is unlikely. Moreover, we could not find any correlation between the type of copy-number variation (gain or loss) described for particular genes and their gene class. For example, two genes mapping to the same copy-number variant (variation 5162 48 ) belonged to class II (PDXK) and class IV (CSTB).
Comparison with Expression Data Obtained from DS Tissues
Mao et al. 16 studied transcriptome modifications in DS fetal heart, cerebellum, and astrocyte cells, using a pangenomic Affymetrix U133A chip. Of the 200 genes assigned to HSA21, 23 were significantly changed in DS tissues and 17 were in common with the 58 HSA21 genes that were significantly changed in our study. Our results are also in agreement with another gene-expression study performed on DS fetal heart cells 17 that showed that 16 HSA21 genes are significantly overexpressed in fetal hearts. Among these 16 genes, 8 were significantly changed in our study. Class I, II, and III genes were present in all tissues, suggesting that gene-dosage effect, amplification, and compensation are general phenomena and that LCLs are a good model for studying gene-dosage effects. The differences observed between our study and the others suggest tissue-specific regulations that have been described elsewhere for the control of GABPa expression. 49 
Distribution of Gene-Expression Modifications along HSA21
We have analyzed the distribution of expressed genes, as well as individual gene classes along HSA21. Figure 5 shows that expressed genes map preferentially to the distal part of HSA21, reflecting the nonuniform gene density along HSA21q. 27 The most telomeric region of HSA21 has a high proportion of class III genes, perhaps because of the presence of a higher proportion of gene predictions that are localized inside gene introns.
DS Effects on Alternative Transcripts
To search for differential effects of DS on alternatively spliced transcripts, we analyzed genes for which oligonucleotide probes present on the HSA21 oligoarray could differentiate between alternative transcripts. Seventeen genes had probes specific to alternative transcripts (table  7) . For seven of those genes, all the probes gave a very low signal, indicating that these transcripts are not expressed in LCLs. Three genes (C21orf33, C21orf34, and MRPL39) were expressed in LCLs as a unique transcript and belonged to class I genes, which are overexpressed with a ratio close to 1.5. For the last seven genes (ADARB1, C21orf66, DYRK1A, GART, PKNOX1, RUNX1, and TMEM1), oligonucleotide probes could distinguish between splicing variants that had very similar DS/control ratios. Only two of these genes (C21orf66 and DYRK1A) were significantly overexpressed in DS LCLs (i.e., were class I genes), whereas the others were compensated. These results suggest that most of the transcripts belonging to the same gene and expressed in LCLs are similarly regulated in DS.
DS Effects on Antisense Transcripts
The HSA21 oligoarray was also designed to analyze the effects of DS on the expression of antisense transcripts. Fourteen antisense transcripts are present with their nesting genes on the HSA21 oligoarray (table 8) . Among them, 10 have been extracted from the HSA21 database established by Kathleen Gardiner at the Eleanor Roosevelt Institute. 50 The four remaining antisense transcripts corresponded to transcribed sequences in the DCR that have been generated from various cDNA mapping and exontrapping experiments. 8, 51, 52 Seven genes (C21orf25, CHAF1B, DYRK1A, HLCS, KIAA0179, MCM3AP, and TTC3) are expressed in LCLs. Four of the corresponding antisense transcripts (as-DYRK1A, as-HLCS, as-KIAA0179, and as-TTC3) were also found to be expressed in LCLs, thus confirming M corresponds to the mean of for the corresponding gene across the 40 hybridizations, log (DS) Ϫ log (control) 2 2 is the variance of M, and the DS/control ratio is equal to 2 M . NE p not expressed. Var (M) a The exon or intron to which the oligonucleotide probe maps.
their existence. TTC3 (class II) and its antisense transcript (class I) were overexpressed, whereas the other antisense sequences did not belong to the same class as their corresponding genes. In addition, two antisense sequences (as-C21orf56 and as-KCNJ6) were expressed in LCLs, whereas their corresponding genes were not. The probe referred to as antisense transcript as-KCNJ6 mapping in intron 3 of KCNJ6, on the opposite strand, corresponds to one of the transcribed sequences isolated in the DCR by exon-trapping experiments. 8 Since there is no evidence that this sequence is an antisense transcript of KCNJ6, it could thus belong to a gene locus that has not yet been identified and might map to the opposite orientation of KCNJ6.
According to the NCBI Gene Database, C21orf56 (accession number 84221) currently maps on the negative strand of HSA21 but was previously annotated on the positive strand when the HSA21 oligoarray was designed. Thus, probe sequence representing the antisense transcript as-C21orf56 could correspond to the actual sense transcript of C21orf56. Therefore, the expression of antisense transcripts is confirmed by our HSA21 oligoarray experiments. Sense and antisense transcripts are not always similarly changed in DS.
In conclusion, using our new high-content HSA21 oligoarrays combined with a new powerful statistical analysis protocol, we were able to classify HSA21 genes according to their level of expression in DS LCLs. We show that, among the expressed transcripts, 29% are sensitive to the gene-dosage effect or are amplified, 56% are compensated, and 15% are highly variable among individuals. Thus, most of the chromosome 21 genes are compensated for the gene-dosage effect. Gene-expression variations in DS are controlled by mechanisms involving trans and cis regulators acting either directly or through gene-regulation networks. Overexpressed genes are likely to be involved in the DS phenotype, in contrast to the compensated genes. Highly variable genes could account for phenotypic variations observed in patients. Finally, we show that alternative transcripts belonging to the same gene are similarly regulated in DS, whereas sense and antisense transcripts are not always similarly regulated. Studies of human tissues by use of the same analysis protocol will validate genes that are involved in the DS phenotype.
